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Abstract

Biofuel combustion is an important sourcepafticulatdight absorbing organic carbon (OC), also
known as brown carbon (BrO)Ve appliedspectrophotometry to characterinethanolextracted
BrC from emission tests direalworldo biofuel combustion in India and Malawncludingwood
stoves @raditionai dmproved and &chimney§ and artisanal charcoal kilné\verage mass
absorption coefficient (MAGuks) Of extracted BrGvash i gh e st for oO6traditio
0i mproved?®d, 0 ¢ h i ,mtnneayulbraviolat to dluedvavelangtiosatta thi® order
reversed for BrCabsorption Angstrom exponent (AAE)MAChuike in UV wavelengthswas
positivdy correlaed with the elementalcarbonto organic aerosolratio (EC/QA), thoughthe
correlation wasweaker than that observed laboratory cookstovesamples BrC imagirary
refractive indicesk) wereanti-correlated with wavelength depender(@g, thusless wavelength
dependent Br@adhigher light absorptivity. MAGuikeCorrelated with the fraction of OC evolving
at higher temperature stepn thermgoptical analysis consistent with a link betweeBrC
absorptivity and OC volatility, and suggest that BrC absorption may be parameterized using
existing OC dataModeling analyseshowed that BrC makes a strong contribution to overall
absorption (average of 48% to 80% at 365,ranyl astrong negative correlation between EC/OA
andthe relativecontributionof BrC to total aerosqBrC + BC)light absorptionthe latteitrendis
dominated by quartii versusoptical properties oBrC. The estimated directdiativeeffect of
BrC is approximately equal to that of BC for biofuel combustion emissiohslia, highlighting
theimportanceof BrC in theclimate energy budget
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1.0 Introduction

Biomass and biofuel burningpmbustionis a major source of global black carbon (BC) and

organic carborfOC) emissiors (Bond et al. 2004)BC is light absorbing and contributes to global

warming (Bond et al. 2013) while OC has traditionally beertreated as light scattering
contributingto global cooling. However, evidené®m the past two decadesiggest thasome

fraction of OC absorbs light at ne&iV and shorter visible wavelengths with strong wavelength
dependencé€Saleh2020; Lack and Cappa 2010; Kirchstetter et al. 200dljke BC that absorbs

light across the spectral range with weak wavelength dependence. This light absorbing OC is
known as brown carbon (BrGAndreae and Gelencsér 200@)hich affecke ar t hés r adi a
balance by absorbing incoming solar radiat{@hakrabarty et al. 2016; Saleh et al. 2015; Chen

and Bond 2010)

Residential fuel burning in cookstoveaccouns for approximatelyl2% of ambient Plyls
globally (Chafe et al. 2014nd25% of OC emitted from biomass burning worldw{@end et al.
2004) Althoughcookstoveemissiondave beerxtensivelycharacterized in the laboratory and in
the field (Champion and Grieshop 2019; Grieshop et al. 2017; Pagidaly 2017; Jetter et al.
2012; Jetter and Kariher 2009ptical properties of emitted particlesspecially the light
absorbing OGBrC), have not beewidely studied Severaktudieshavequantfied BrC absorption
from cookstove emissiorduring controlledaboratorytesting Xie et al.(2018)investigated the
influence of fuel types omethanolextractedBrC mass bsorption crossection (MAC) and
found that MAC of BrC from red oak combustionstoveswas 26 times higher than th&tom
charcoal and keroserstoves Another laloratory cookstovestudy (Sun et al. 2017appliedthe
integrating sphere mabd to separate BrC contribution from BC absorptionattributed26.5%

of total light absorptiorirom residential coal combustion emissiaaBrC. Pandey et a2020)
measured®rC and BC absorptioon filters collected during fieldookstove emissiortgstingand
foundsimilar contributiois from the twocomponentso total absorptiorSeveral studies have also
examinednfluence of BrCfrom biomassnd biofuel burning emissions direct radiative forcing
and to regional/global climatga simplified calculationgPandey et al. 2020; Saleh et al. 2015)
However, considering the high variabilityiofuel emissions observed field versudab studies
(Johnson et al. 2008, 2019; Mitchell et al. 2019; Weyant et al. 2019; Shen et al.faaQmhsy
evaluation of theptical propeiies and radiative impacts tfeseBrC emissionss needed

The physicochemical properties of particlesnitted during combustionlependsheavily on
combustion conditions. Saleh et §014) suggested that BC/Q) as a proxy of combustion
condition, carserveas a metric for parameterizing BrC optical propertsnarily because the
prevalenceof organic precursors of BC in BrC depends on combustion conditions. These
precursors tend to be more light absorbing than the remaining BrC as they nearly reaCh the B
formation threshol@Saleh et al. 201&)uring the combustion proceSgveralsubsequeriiomass

and biofuel burningtudiesexploredBC/OA and modified combustion efficienyMCE = @CO
/ ( epC OpCO) ; where @ indicates ai dnaherkppxymfund cc
combustiorconditiorsi as indicators oBrC productiorduringcontrolled lalbourns For example,

Xie el al.(2018)observed strong associatibatweerburn condition (e.g EC (elemental carbon)

/ OC and MCE) an@rC optical propertiese(g, MAC and absorption angstrom exponent, AAE).



Several lab biomass burnirsgudies(McClure et al. 2020; Kumar et al. 20180 observea
dependence of BrC absorption on/BC (or BC/OC). On the other handtudies have typically
found weakassociatioa betweenBrC absorgbn andMCE (Pokhrel et al. 2016; McMeeking et
al. 2014) To our knowledge, no study has explored the influence of burn corslitiwimmg field
cookstove usen BrC absorption.

This studyquantifiesBrC absorption fronireatworldo emissionsamplefrom four combustion

categories represent) a wide range oactivitiescommon in low/middle income countries with a

high reliance on solid fuel combustion for energggditionalbiomassstoves,jmproved biomass
stovesjmprovedchimney stoves and charcoal production kilfise main research questions we
explore here are: Qhat are the | ight absorpti eworprddper
emissions of biofuels combustiond) How do these properties compare with those measured in

lab studies?c) Can weexplain variability in these properties usimgpre easily available factors

(e.g. combustion conditionghermatoptical OGEC measuremen (d) What are the relative

radiative impact of the ceemitted BC and O€

2.0 Methodology

2.1 Site description and biofuel combustion

We characterized BrC absorption in biofuel emissions measiuréal field campaigns in India

and Malawi. In India, we measuredokstoveemissionsduring uncontrolled cooking activities
with varying fuel types, cooking durations, types of fo@asltime of dayattwo study sites: Kullu
district in northern India and Koppal district in southern Indiae study sites and design are
described in detaglsevhere(lslam etal. 2020)and only briefly mentioned her@53 emission
tests were conducted for a range of stoves including traditional solid fuel stoves (including three
stone fire and simple mud/clay chulhiad SF hereafter), improved/alternative biomass stoves
(including Envirofit and Prakti rocket stoves and Teri gasifier), traditional and improved chimney
tandoor stovesand liquefied petroleum gafLPG) stoves. To explore BrC absorption and its
possibledependence ostove technologies, combustion conditioasd OC fractions from O€

EC analysiswe chose a subset of biomass stoves teatspana widerange of OGto-EC ratio
(0.7371 15) and MCE(0.88 1 0.98) We selected 48 filter samples for BrC extraction from this
campaign: 34 TSF, 9 improved biomass a&nchimney stoves tes{figure S1) In Malawi, we
measured emissions from small industries including charcoal kilns and brick kilns in addition to a
variety of stove technologies (e.g. TSF and improved biomidesg. we used filter samples from

5 charcoalkiln tests.Charcoal kilns use pyrolysis to carbonize fuel and are known to emit
predominantly OCQKeita et al. 2018; Pennise et al. 2001; Lacaux et al. 188darethusdistinct

from combustion sources which are predominantly flaming (e.g. cooksté\mshis studywe
selectedcharcoal kilnsampleqOC-to-EC ratio: 151 54, MCE: 0.831 0.89)in order to explore
theinfluenceof vastly differentfrealworldd combustion conditions on BrC emissiohmote that

for stoves, emissions were measured duaiogmpletecooking/combustion evenghile complete
combustion events of charcoal kilns (usually-381 hours) were not captured due kattery
capacity limitations othe mobile instrumens. Hence, ve conducted two tests at each kilhe

first test captured the staup of the kiln, and the secdri-2 hours later.



2.2 Emission testing

We applied t he da@hbhmporeandGriesthop 2019mMEathbreet al. 2BRbden

et al. 2006jor emission measurement in which a six armed stainless steel probe was used to collect
a representative sample of emissions from the plume. For the cookstoves, the probe was placed 1
1.5 m above the cookstove (Figur@)Sin househals with a chimney, the probe sampled

i mmedi ately above t 83 Foctheicmarcalykinemission nieas(rémerg,u r e
theprobe was set up near a vent in the earthen kiln (FigdreEmissiors weremeasuredising

the Stove Emission Measuremefystem (STEMY{ a batterypowered portable instrument
package that includes an electrochemical carbon monoxide (CO) sensor, a nondispersive infrared
carbon dioxide (Cg) sensor, a 635 nm wavelength laser light scattering PM sensor and a
tempeature/relave humidity sensoflslam et al.2020) STEMS has two parallel 47 mm filter

trains to collect integrated PM: one contains a bare quartz filter; the other contains a quartz filter
behind a Teflon filterPunches from the quartiters wereused for therm@ptical organic and
elementalcarbon (OC/EChnalysis(via Sunset OC€EC analyzer)while the Teflon filters were
analyzed foigravimetric PM s, described elsewhefkslam et al. 2020)Quartz filters behind the

Teflon were used t@orrectthe gas phase absorption artifa¢kslam et al. 2020 quantifying

OC massHere we only extracted OC frorthe bare quartz filtersince apreviousstove study

(Xie et al. 2018jound no substantial changes in BrC absorption properties after artifact correction.
From emission measurements, we calcul&E andEC/OA as proxiesor burn conditionsOA

was calculated usin@A/OC valuesof 1.9 £ 0.56 (average *= standard deviatiotf)at were
observed in a previodab studycharacterizind SF and improved biomass stamissiongReece

et al. 2017).

2.3 Light absorption measurement of BrC

We solvetrextraced methanolsoluble BrC from the bare quartz filters collected during emission
measurementdviethanolhasshown moderately high extraction efficiency (85% to 98%0OC
mas$ in prior studiegXie etal. 2018; Cheng et al. 2016)he advantage @ solventbased OC
extraction approac(Shetty et al. 2019; Liu et &013; Chen and Bond 201B)that it excludes
EC inferences from the absorption spectra. Howeaedrawback is thamethanol and other
solvents (e.g. water, acetong)ay not extractthe lowestvolatility organic carbon, often
considered the most absory fraction(Cheng et al. 2020; Saleh 2020; Adler et al. 2019; Corbin
et al. 2019; Saleh et al. 20140or our extracti;, we placeda filter punch (1cn?) into 5 mL
methanol and sonicated the solution B minutes since sonication was observed to increase
extraction efficiency by 1:05%(Polidori et al. 2008)Following sonication, we filtered the extract
using a syringe through45um PTFE syringe filteto removesolid particles andmnpurities. We
then used a spectrophotometdo(iba Aqualog to collect the absorptiospectra (239 to 800 nm
wavelengthswvith 3 nm interval of the BrC extract. &ication destroyed the filtggunchand
hence we were not ableqoantifyOC extraction efficiency. A studyith cookstove sampldXie

et al. 2018pbserved high extraction efficiency (~93%) of OC by methauitblout sonicatiorand
calculated the light absorption properties of OC assuming 100% extraction effjcieziofiow

the sameoracticefor our calculatios.



2.4 Estimation of light absorption properties

We converted the liglgbsorption othe bulk solutiormeasured ypthe spectrophotometer to light
absorption coefficient (8, -Mm™) in the sampled ainsing equation 1.

Il Tpmm — Equation (1)

0 ; 0 O -
where,Ai s t he absorpti on métheminnach abadrption betwedn 850 g t h
nm and 700 nnfwhich was subtracted from o correctfor baseline driff, V; is the volume of

the extract (5 m|)Va(m°) is the volume of the air sampled throughdhertz filter during emission
measurements is thespectrophotometeptical path lengthQ.01m) andAreaiter / Aregunchis

theratio offilter-to-punchareas

We calculated bulk mass absorption crsestion (MAGui, 41 g1), also expressed as alpha
density r at staies(Cben pnd Bdnah20X:0Smeetal. 200/ er e U is abso
coefficient aofdissglvedsubstancéusing the calsulatedsB in m?* and OC

mass concentration in sampled ais@0n g mi® (equation 2)Note that MAGuk denoteghe mass

absorption crossection of extracted BrC solutipwhich is distinctfrom the MAC of aerosol

(MACgr). We usedMie modeling to convert MAGuk to MACqerto use it for radiative forcing

calculation (Section 2.5).

000 Equation (2)

We estimatedhe imaginary part (k) othe complex refractive indexnf = n + ik) of the extract

(Equation 3)employing the calculated MAik, as in other OC extraction studighen and Bond

2010; Kirchstetter et al. 20043ssuming thatkispr opor t i on a/l &)t.0 We (dJs ssu e
density val ue?d(l[ugtal 20F5¥orithis2alcglation.@encalculated AAE as the

slope oflog-transformed MAGuk vs wavelength over the wavelength range of-8352 nm.

0 9 —h Equation (3)

We also estimated absorption emission factdrs( EF m? kg?) of extracted samples using the
calculated Byin m from Equationl, carbon fraction in fualood (Cruel =0.50 andbackgrounel
correctedcarbon dioxide#C0,) and carbon monoxidegCO) mass concentrations in emissions

in g N3 asshown inEquation 4 Notethat for the charcoal kilnwhich pyrolizes rather than burns
the wood fuelwe multiplied Guel by 0.4, anestimate othe fraction offuel carbon that goes to
emitted gaseduring charcoal productiofBertschi et al. 2003; Pennise et al. 200¥¢ applied

the nonparametric Wilcoxon rank sum test at 5% significance level to compare BrC light
absorption and combustion properties betwieiefuel combustiorcategories

6 @wdd 0 i Equation 4)



2.5 Relative absorption and contribution to radiative effect by BC and BrC

We applieda Mie model(Saleh et al. 2014p estimatethe particlelight absorption attributito

BC and BrCusingka:c of extractgestimated in section 2.45 inputsOther inputs including real

and imaginaryparts of therefractive index of BCrisc =1.85+ 0.71i) andthe real part of the
refractiveindex of BrC(1.6) were obtainedrom literature(Saleh et al. 2013, 2014; Lack and
Cappa 2010; Bond and Bergstrom 2006; Bond et al. 2066he absence of particle size
measurements in the field, we used size distributions of total aerosol measured in oigutab (F

S5) using a scanning mobility particle sizer (SMPS, TSI Inc.). We assumed that OC and EC
occurred inthe same size distribution #se total aerosol andhat the laboratory distributions
applied to the field emissions. The median geometric mean tarfieter quartile range) of
emissions from stoves in lab measurements was 84 (47) nm, in line with the-vé8u@2) nm-
observed during field testing of Indian stove emissions (TSF and improved bi¢EisH)erg et

al. 2018) To estimate mass distributions offiald OC and EC respectively for use in the Mie
model, we scaled the normalized lab particle mass distributions with theldinmass
measurements of OC and EC. The scaling factors for OC and EC were the rat@ aérasol

mass from the lab size distribution to the OC and EC mass measured in field emissions,
respectively. Note that we only had particle size measurements of TSF and improved stove
emissions, so the relative absorption and radiative impact analgses limited to TSF and
improved stove samples only.

For radiativeimpactanalysis we followedthe approach o$aleh et a{2014)usingthe simple
forcing efficiency (SFE) modeling frameworBond and Bergstrom 2006Wavelength
dependent SFBWV g?) is calculatedusing Equatiorb:

— -—1t (&)0(clp w f _0™M _ T1Twbi 0o Equation §)

Where, ds(a)/d(a) IiteAITME1730031 arre fierrreanddisehenscpee cftrroa
atmospheric transmission (0.79},i$the cloud fraction (0.6), aisthesudac al bedo (0. 19)
the backscatter fraction (0.1AndMAC erand MSGerare theaerosolmass absorption and mass
scattering crossectiors from Mie modeling.

Additionally, we calculated theatio of simplified direct radiativesffect(DRE) of PM (as
represented by OA + EC, the dominant PM compon¢ém&T alone using the respective SFE
values as followg¢Saleh et al. 2014)

= - p Equation 6)
Estimating the contribution of BrC to absorption and radiative forcing requires knowledge of
mixing state, which weo not have. Henceaye considered three mixing state scenases
(Salehet al. 2014¥or more details on assumptiorie) the estimation of relative absorption and
radiativeforcing of BC and BrCand toevaluatesensitivity tomixing stateassumptions(a)
100% external mixing, (b) 50% external mixing and (c) 0% exterinahm Note thathe



remainingpercentages in scenario (b) andwere interndly mixed particles (50% and 100%
respectively), which were assumed to have a-sbe#l morphologyTo incorporate additional
information on the mixing state of cookstove enass wealsocategorized our samples based
on a MCE threshold of 0.95: (a) 0980% external mixing for MCE > 0.95, and (b) 80%000%
external mixing for MCE < 0.95, followinthe study ofTing et al.(2018) whichparameterized
mixing state based updCE. Weselectedb0% and 90% external mixing as the central
estimatedor these two categories, respectively.

Finally, weput thesecalculated climate properties in a larger contextused the SFE values to
approximateannual averag®RE (unit: W n1?) from PM (OA + EC) emitted fromesidential
combustioroverthelndian subcontinennh 2010.We calculated DRE d@ke product oPM column
burden (g rf) and SFE (W @) for 50% and 90%external mixing scenarso PM (OA + EC)
column burden attributed to residential biofuel burning over India was obtained from The Modern
Era Retrospective analysis for Research and Applications, VEBERRA-2) (Gelaro et al.
2017) reanalysis dataset (0.5° x 0.625° grid resolution) followed by a sespewfic scaling of
emission rates fronthe Emission Database fa€ommunity Emissions Data System (CEDS)
(McDuffie et al. 20203mission inentory. An implicit assumption in this approach is that the
carbonaceous aerosol column burden is dominated by emissions within the column. This does not
account for chemical evolution and transport of emissions betweetedjsadwhich would require
detaled chemical transport modeling, but provides a-finster approximation for converting SFE
values into radiative effedEEDS emission inventory has finer grid resolu{ids° x 0.5 relative

to MERRA-2. Therefore, w regriddedCEDSgrid cells to the coarser MERR2grid resolution.
Calculation of SFHor each colummrequired spatially resolved M2& MACaer and surface
albeds. Spatially resolved surface albexdeere derived from MERRA datase(Figure S6) To
calculate MSGerand MACaer from EC/OA in eacttolumn we developed wavelengtpecific
simple linear regression equations between M3@Gd MAGerand EC/OA fofTSF and improved
stove samplefFigureS7). We obtained the DRE of BrC absorption by calculating DRE with and
without BrC absorptionassuming noabsorbing OCand taking the difference between the two.

3.0 Result and Discussion

3.1 Combustion conditions and emission factors

FigureS8shows theéDC and EGemission factors (E§f, EC/OA and MCEdrom the experiments
selected for BrC analysitn general, OC E&from the four groups(TSF, Improved, Chimney,
Charcoal)are overlapping and groupeans aravithin 21% of each othegfFigure S89, but the
chimney and charcogroupseach contain a higbutlier EF In terms of EC EF, stove samples are
similar in magnitude but charcoal kiln samples are significantly lower than those of the stoves
(Figure $b). For example, mean EC EF of chardafil samples are 94% €0.0002), 95% (p =
0.001) and 93% (p = 0.004) lower than those of TSF, improved and chimney stove samples
respectively.This is likely becausecharcoal productiorproceeds via aistarvedpyrolysis (on
purpose}hat involves lover combustiortemperaturéand hence lower EC productiamjative to

stove combustionkor the same reason, mean/@& and MCE of charcoal kiln samples are
substantially lower than those of stove sampégure S8candS8d. Mean ECOA and MCE of
charcoal kiln samples are @2%and 89% lower respectively than those of stove samese



the small change in MCE (< 10%) due to change in burn condition (e.g. flaming to smoldering)
compared to that of EC/OA (> 90%8uggestingthat EC/OAis a more sensitivgroxy for
combustion conditiomthan MCE. Pokhrel et a(2016)also observed amall change in MCE
(~1.5%) compared to EC/OA (~100%) from eight different sawgrass burns in the lab and reached
the same conclusion. Among ourdghrstovegroups EC/OAand MCE- similar to OC EF and EC

EF - do not show any significant differences

3.2 Light absorption properties of BrC

FigureS9shows averagEMAChuk spectra (with standard deviation) of Bs@mplesas a function

of wavelength for théour biofuel combustion types: TSF, improved, chimney and charcoal.(kiln)

For the discussion of optical properties and their inter stove/fuel comparison wehg&® nm
wavelength throughout the manuscript exocayting literature comparisanin which different
wavelengtls were reported (e.g. discussion BfC k). Note that BrC properties at other
wavelengths can be inferred from the AAE values discussed below. AdditiddAly,uik of BrC

samples shoedstrong positive correlations between wavelengths (Fi§a@. Figure lashows

that the BrCMAChuik3e5 Of samplessary between oufour biofuel combustion categorieMean
MAChuk,365 Was the highest foraTSH3 followed by Gmproved &himneyy and Gcharcoah

Although mearMAC 365 0f Gmprovedwas lower thadl SF) their MACuik 3es distributions were

not significantly differentHowever,MACui,365 distribution of &chimney and &charcoab were
significantly different than these two nehimney stove types6[SFO and Gmproved). For

example, meaMACui 365 Of @himneyanddaharcoabwere 23% (19%) and 30% (27%) lower

(p < 0.05) thandTSFo (Gmproved) respectively.These percentages veedifferent for other
wavelengths as explained by the wavelength dependence of BrGuUWAE. AAE).High AAE

values (>%) of the extracted organic samples of this study inditaiong wavelength
dependence of brown carbabsorption(Figure b). Mean AAE was the highes:H
foll owed by &écharcoal 6, 0i mproveddéd and OTSFO
and 23% higher (p < 0.05) than thoseAAEatr O6cha
group levels was antiorrelatedvith MAC, consistent with other observatiahgat more absorbing

BrC has flatter absorption spec{f@heng et al. 2020; Saleh et al. 2018)

(a) MAC,, at 365 nm of BrC samples  (b)  AAE of BrC samples (c) BrC absorption EF at 365 nm
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Figure 1: Groupwise properties of Br€amples from the four biofuel combustion types: TSF,
Improved, Chimney and Charcoéd) MACuuk at 365 nm(b) AAE, and (9 absorptiorEFsat 365



nm. Labels on category axdhow the groupameand thenumber of samples in parenthesis. Lines
and markersn all the subplots are colored differentiate between thmmbustionsources (red:

TSF stoves, blue: improved stoves, green:. chimney stoves, purple: charcoal kilns). This color
convention is followed in all figures in this manuscript unless statedvateer

Figure 1c shows theAbs. EF of samples from the biofuel sources 385 nm. We observe
differences imAbs.EFs acrosbiofuel combustiotlypes.MeanAbs. EF showed a decreasing trend
fromnonc hi mney stoves (OTSF®& and O iFonpxamopleaman) t o
Abs.EF of&chimneyp and Osamhpesvereo68% (89%) and 74% (63%lMower (p < 0.05)

than those of TSEmproved samplesresgectively.Like MAChui, we did not observe significant
difference inAbs. EFdistributions between the nanhi mney stoves (e.g. OTS
Abs. EF distributiondor otherwavelengths display similarends(FigureS17).

The calculate®rC k valuesof the samplef~igure S12yary acrosgombustiortypes in a manner

similar toMAChuik, as expected from the relation betw&emdMACuik (Equation3). Note that

for theBrC k discussion and literature comparismstead of 365 nnwe used 551 nm wavelength

(the spectrophotometer we used had 3 nm reporéisglutionandd o e s n 0 &t 550 arp) as t

the studies we compared our results with mostly kheeborted at 550 nmkss1 shows strong
negativecorrelation with wavelength depesnite,w (=AAE i 1) in thevisible spectrun{Figure

2). This inverse relationship betwekss: and w suggests that less wavelength dependent BrC has
higher light absorptivityThe observed strong wavelength dependence of BIC the visible
spectrum in this study is consistent with the litera{@aeh 2020; Saleh et al. 2018; Sengupta et

al. 2018) &ssoT wpai r 6 val ues f r oimthisbstudylie betweencsmahderings t i 0 n
biomass burning and high temperature biomass combustion zones mapped in a recent review study
(Saleh 2020andrecreatedn Figure 2. BrC is ciegorized into four classes basedkgd1 w pairs

in that study and our BrC falls intbe6 we a k1l y absor bi ngksBafIDdi 161 ass b
2and w of 4i 7. Another study(Lu et al. 2015plso summarizekkso and wavelength dependence

(w) values of BrCfrom biomass and biofuel burningnd proposed least square exponential fits
betweerksso andw for two cases: bulk OA and highly absorbing part of OA. Rervalues lie

between these two fit lines for thespectivew values(Figure 2) ksso andw values of BrC from

lab cookstove test(Xie et al. 2018) shown inSaleh(2020) had higheksso and lowerw values
(fell tretmped it gh e bi o mafom infick stive edsamplesd thiz o n e )
study, indicating that BrC from lab stove testasmore light absorbing that those from field tests.

This isinteresting since OC EBHrom in-field stove tests are typically found to be higher than
those fromlab testgGrieshop et al. 2017; Wathore et al. 2017; Roden et al. 2088) can be
explained by the fact that-field stovesusuallyexhibit lower efficiency burningrelative to lab
combustion) leading to more smolderiftggherOC emissior. Howe\er, our results suggest that

this OC is less lightabsorbinglower koa and highemw) than that produced during lab testhis

low absorption bias of BrC of our-iireld biofuel combustion samplesay be due tonethanol

insoluble BrCmissed during our extraction.
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Figure 2: Imaginary refractive index of BrC samples at 35nm againstvavelength dependence
of absorption /). Also showm arethe observedsso-w rangesof BrC samples from different
sources (cross bars),compiley Saleh(2020) Pink and blacKines indicate the filines between
ksso andw for bulk OA andthe highly absorptive pa of OA respectively, developed by Lu et al.
(2015)

3.2.3 Comparison with BrC properties in the literature

BrC MAChuik from lab (and some #field) cookstove tests are higher than that efiéid stove test
samples of this study. For example, mean TSF MA@Geasured at 360 nm in a field stualy
brushwood bured in a traditionbstove(Fleming et al. 2018)as 85% higher than mean MA&
of TSF samples at 365 nm in this study. In addition, lab testing of TSF gXieest al. 2018)
found a51% higher mean MAg&ik3s5 than this study. However, MAfik3es for laboratory
simulatedbiomassburning emissions(Xie et al. 2017)was lower than our MAg«k of TSF
samplesA previous lab stud{Xie et al. 2018)foundmean MAGui for improved biomass stes
(Envirofit, Ecochulha) 25 times higher thafor ourin-field improved stove (Envirofit, Prakti)
samples. MAGuik3ssalso highly distinct focharcoal productiothere)andduring combustion in
acharcoal stoveThe charcoal combustion samples friime et al.(2018)had meaMACui, 365
of ~2 n? g, 40%higher than oucharcoal kiln samples. However, MAg values from biomass
pyrolysis (0.61 + 0.29 Ag?! at 400 nm) observed in a lab stu@hen and Bond 201@)ere in
line with those from our charcoal kiln samples (0.65 + 0.G7grhat 401 nm), whichwere
predominanthysamping pyrolysisemissions

The calculated AAE values of BrC sampiaeghis study were also somewhat different than the
similar stove models tested in other studies. For example, mean AAE of TSF stove samples in this
study (6.4 £ 0.6) was within 6 15% ofthose measured in field studies in In(ffandey et al.

2020; Fleming et al. 2018Mean AAE estimated in a lab stu@¥ie et al. 2018from TSF stove



samples was also within 10% what we observed in this study. For the improved stove samples,
our average AAE value (6.8 £ 0.6) was similar in magnitude to Envirofit stoves but higher than
the EcoChulha stoves tested in the same lab §Xidyet al. 2018)

BrC k values in this studyFigure S12)are in agreement witlk values observed during
smoldering/pyrolysis and high temperature biomass combustions ie poewious studies
values of BrC from smoldering combustion of some peat sp@segjupta et al. 2018; Sumlin et

al. 2018; Chakrabarty et al. 2016pnverted to 550 nm lfpaleh 202Q)were similar in magnitude
tokssoof O6chi mneyd, o0i mgampes ef thd stalthoughleshfeom piea | 6
needle smolderin@Browne et al. 2019%vas smaller than ours. T3Es0 (0.006%0.0027) values

from our studywere in line with high temperature burning of biomass species in previous studies
(McClure et al. 2020; Saleh et al. 2014pwever, meakssopo f O TSFO6 i n this stud
those from high flame combustion of biomass obse(MaClure et al. 2020; Kumar et al. 2018;
Sengupta et al. 2018; Xie et al. 2018; Saleh et al. 2014, Kirchstetter et al. Q064ll, BrC
samples obur in-field study weremore (less) absorbing and less (more) wavelength dependent
than laboratory open biomass (cookstove) emission sangulggesting they are intermediate to
these categorie$n the next two sections, we explore the link of BrC absmmgiroperties with
combustion conditiomand sample characteristics to understand this variation.
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Figure 3: MACpuik,3s5 values of BrC samples versu® EC/OA, (b) MCE and ¢) OC3 fraction
are shown in the subplots.

3.3 Dependence of BrC light-absorption properties on combustion conditions

MAChuk shows positive correlation with EC/OAt wavelengthsbelow 450 nm with the
correlation weakeing at higherwavelengtk. The correlation we obsenat 365 nm wavelength
(Figure 3a)is weaker tharfor lab stove tessamplegqXie et al. 2018)or a similar wavelength
range For example, the correlation coefficidmdtween MAGuik, s and EC/OAobtainedfor the
lab samplesvas 0.73versus 0.48n our studyHowever, our studgamples presemtwider range
of EC/OA and associated MAGk values thartheir study, whichshould better represettie range
of Arealworldd emissionsin contrasto lab stove testsopen biomass burning in the 186ie et
al. 2017)showed weakecorrelationbetween MAGuik3ss and EC/OA(r = 0.24)relative to our
data.AAE valuesin this studydo not show any trendith EC/OA, unlike lab studies where weak



to moderate negative correlations were observed for stove tests and biomass (Rienatal.
2017, 2018)

Figure3b shows MCE and MAguik3es valuesin our study which covera wider range than those
in thelab cookstovestudy(Xie et al. 2018)We seeaweak positive correlatiobhetween MAGuik
andMCE throughout thevavelengtrspectra (r < 0.30), indicating that MCE is a weaker indicator,
compared to EC/OC, dhie influence oburn conditiols onbrown carbon productiokigure S13
also illustrates the sz finding.This finding is consistent witthe lab studyin which MACui
was more strongly correlate witC/EC than MCE. Howevethat lab study showedtronger
correlation than our study, possibly due to havirggiaofvery high MCEtests(>0.99) fran an
improved biomass stove (EcoChulajth higherMACuuk values.Like EC/OA, MCE does not
showanassociatiorwith AAE.

3.4 Link between volatility and BrC properties

Volatility of OC has been found to be associated with its light gbsarproperties withless
volatile BrC being highly light absorptivgMcClure et al. 2020; Saleh et al. 2014, 201&ith
volatility indicated bythermodenuddreatment (heating tb00-400 °Q. Ma et al.(2016)observed

a link between volatility andOC peaké (r el ati ve contribution fron
during thermeoptical analysisfrom the OGEC analyzer and hence, we&ploredwhetherOC
peaksare indicators oBrC lightabsorptionOur OGEC analysis employedtemperatur@rotocol

that measure®C atfive, increasingemperature stegdableSl1). OClpeakevolves duringhe

lowest temperature step and is considered the most volatile OC fraction, whereaedB4
thought to be the least volatile assitassociated with th&vo highest temperature seNote that

the temperature protocol used in our-BC analyses (Td® S1) was developed for the highly
loaded biomass burning emission samples tested here (to avoid detector saturation and avoid OC
charring or early evolution of EC) and does not match protocols commonly used for ambient
samples (e.g. CSN, IMPROVE_A). Themperature set points in our protocol are most similar to
the EUSAAR protoco(Cavalli et al. 2010) Therefore, the peaks defined here are not directly
transferable across analysis protocols but may provide insight into the links between volatility and
absorption Figure 3c and S14 show the association betweBAChuik3es and OC fractionge.qg.
OCl/total OC) We observe moderately strong negative correlation {0.44) between OC1
fraction andMAChuik365 In contrast, OC3 and OC4 fractions show moderately strong positive
correlations withMAChui,365 (I = 0.47 and 0.3@espectively) These observations are consistent
with the less volatile components, which evolve from the filter at higher temperatures, being
associated with higher specific absorptidhedirection of the relationship between OCclians

and MAGuk remains the same for other wavelengttioughthe magnitude of correlation
coefficientsvaries (Table ). Note that kgure 3c andS14 are based on transmittance based OC

EC measurement. The GEC analyzer we used also offeeflectance based measurements and
the assciation between MAGuk and OC fractionglefined usindaser reflectanceutputs wa

similar to thatfor transmittancgTable S3). Like MACyuk, AAE also shows association with OC
fractions but inthe oppositedirection (Table S3), with AAE positivdy correlaed with OC1
fraction and negativelycorrelatedwith OC3 and OC4 fractions. The direction of associations
between BrC light absorption properties (M AAE) and OC fractionsuggests that OC peaks

can e linked to volatility, angupports the finding th#ss volatile BrC has high light absorptivity



and lower wavelength dependence (Fig.N®te that #empts at multivariate analysesluding
OC fractions, stove types and combustion properties (MCE, EC/OA) as covérate® only
minor differences in explanatory powarMACwuk andAAE, and so are not discussed here

3.5 Relative absorption and radiative effect of BrC

3.5.1 Relative absorption of BrC

Figure S15a shows the relative contribution of BrC to total light absorption by &K65 nm
estimated using Mie modelinigr three different mixing statecenariog100%, 50% and 0%
external mixing)as discussed in Section 2For all scenariosthe BrC contributionis highly
varialde, but the range oBrC contributionsdecrease sharply with reduced assumed external
mixing (Figure S15a). For example, average BrC contributions for %, 50% and 0%
external mixingscenariosare 79%, 5%, and 48%, respectively Decreasé external mixing
corresponds to moriaternaly mixed particlegBrC in coreshell configuration with BG, which
causes absorpin enhancement of BC by lensiradthusdecreases the relatieentribution of

BrC to total absorption.However, note that even though relative BrC contribution drops with
decrease external mixing, the absolute absorption by BrC does not tlhepabsolute absorption

by BC increases anthe overall absorption (BA3A) increases, as shown in Figusd6. The
absorption contribution of BrC samples categorized by the MCE threshold (discussed in Section
2.5) are shown in Figure S15b. Althoutfire BrC contribution is highly variable for both
categories, the samples with MGED.95 tend to show higher contribution than that of MCE >
0.95.For example, BrC contribution varies between 37% and 95% for MCE < 0.95 category, while
for MCE > 0.95, it ranges from 10% to 80¥is is because samples with MCE < 0@l greater
contributions fromsmolderingcombustion which likely produced more externally mixed BrC
(80%- 100%)than that from flaming dominated combustion (MCE > 0(9%)g et al. 2018)

Thevalues ofelative BrC absorption observed in this study are in line with literature. For example,
the average BrC contribution for the 50% and 0% external mixing cases astazungith results

from previous lab studigkatapportiored BrC contribution in savanna and wood burning smoke
for similar wavelength range¥irchsteter and Thatcher 2012; Kirchstetter et al. 2004)e
average BrC contribution for 100% external mixatp51 nm(40%)alsolies within the range of
average values (30%41%) reported by another field cookstove sti@gndey et al. 202Gpr
different BC AAEs (0.9 1.5)at 550 nm However, note tha mixing state assumigin was not
explicitly stated intheseother studes

The variation in BrC contributiorwe observed in Figur815 is correlated witithe EGOA of
samples. Figurd shows the percentage of BrC absorptioBGEnm against E{A for the 50%
external mixing scenaricEC/OA shows a strong negative correlation (- €.93) with BrC
contribution indicatingthat BrC contribution to total absorption increases as the amount of organic
carbon increase@elative to EC). The dher twomixing state scenarios (100% and 0% external)
display a similar trend between relative BrC contribution anfOBQFigureS17). A lab study
(Pokhrel et al. 2017@lso found strong negative association between percentage of BrC absorption
and ECOA (r =-0.72 t0-0.86 at 532 nmin biomass burningmissionsAlthough BrCspecific
absorptim shows a weak positive association with EC/OA (FiguretBa)rend shown irFigure

4 is dominated by theverall decrease in BrC mass fractidiike EC/OA, MCE also shows



moderate negative correlation with percentage of &vSbrption in all mixing state scenario (r =
- 0.50to- 0.56) (FigureS18), indicating that higher MCE disfavors the formation of OC and makes
the EQOA higher, which in turn lowers the relative BrC contribution.
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Figure 4: DRE/DREsc versus EC/OA (a) for TSF and improved stove samples for the 50%
external mixing scenario, and (b) for the same samples as subplot (a) but categorized by a MCE
threshold of 0.95. Two different mixing state assumptions were applied in subplot (b) for t&/0 MC
based categories: 90% external mixing for MCE <0.95 and 50% external mixing for MCE > 0.95.
Brown and green markers indicate the DRE ratio for BC core with absorptive OC coating and with
clear coating respectively, and the brown vertical line denotesfiibet of in inclusion of BrC
absorption on the ratio. The red horizontal line (at DRE ratio = 0) demarcates DRE ratio < 0 (OC
reduces DRE) and > 0 (OC increases DRE). The brown and green lines in subplot (a) are adapted
from Saleh et al(2014)studyand represent the same coating scenario as brown and green markers,
respectiely.

3.5.2 Radiative effect

Figure S19 shows the integrate@40-800 nm)SFEof Br C absorption (diffe
with absorpti ve OCdoveagrodnd toBdfferemt extdrnalenixiegescenafoS 6 )
expanding orthe analysis oBaleh etll (2014)1 t shoul d be noted that th
OC06 i ssuggesttthattany of these emissions are actually clear, but to isolate the impact of the
measured absorption properties of this lative to a baseline (often made) assumption of non
absorbing OCSFE values vary widely across samples for all mixing scen&kés.values of all

samplesre positive and shoavdecreasg trendwith the decrease in external mixing percentages.

For example, average integrated BrC SFE forlid@%,50% and 0% externalixing are13.1,

10.3 and 8.7 Wg'L, respectively.

Figureda shows thesimplified DRE/DREsgc of the samples for the 50% external mixing scenario
with both | ight aWeseearadmmbncraasain tii@RHE DREs¢ vith tleC .



increase in ELOA, andtheratio transits fronDRE/DREsgc < O (likely cooling)to DRE/DREgc >

0 (likely warming. Samples from both traditional and improvsibves showa similar trend
althoughDRE ratios of traditional stove samples are substantially higher than those of improved
stoves,especiallyat lower EQOA. The differencein DREr at i o bet ween the 0
absorptive OC coatingdé case andFgdule®indiéakiie cor e
contribution ofBrC absorption to thBRE ratio, which shows a decreasing trend with the increase

in EC/OA. Due to the BrC contributigdo BC cor e wi t h ab s otrapsttiorsv e OC
from DRE/DREgc < 0to DRE/DREgc > Oata smalleEC/OA (~ 0.1) relative tathe6 BC cor e wi t
cl ear OC c o dGAi~m.g)dndicatngtlee potekti@l of BrC absorptioto influence

overall warming Figure4 also shows th®RE ratios from a lab biomass burning stu®aleh et

al. 2014) wherea similar trend ofDRE ratio against E{OA to our study is observedHowever,

their transition frorDRE/DREgc < 0 to DRE/DREgc > 0 due to BrCoccursata smallerEC/OA

(~0.06) thanour study Further,this study mention®.05 to 0.1 values as the atmospherically
relevant EGOA range; however, oustudy shows that EC/OA from firealworldo biofuel
combustionextendsbeyondthatrangeandthattransition fromDRE/DREsc < 0 to DRE/DREgc

> 0 due toBrC may occur above that ranggégure S20in the S| similar toFigure5, shows the

simplified DRE ratios for the 100% external mixing scenario. We obsargemilar trend of
DRE/DREgc against EQOA to that for the50% external mixingcase althoughthe transition

occurs at a higher HOA (relative to 50% external mixingBimplified DRE/DREgc of the
samplesategorized by MCE are shown in Figure 4b for the respective mixing state scenarios (i.e.
90% external mixing for MCE < 0.95, and 50% external mixing for MCE > 0.95). Most of the
samples from flaming dominated combust{®CE > 0.95) showransitions from DIE/DREgc <

0 to DRE/DREgc > 0 due tothe BrC absorption contribution, while samples from smoldering
combustion (MCE < 0.95) shows this transition only when EC/OA is higheiOth&nTherefore,

both BrCproperties and mixing state moderate the DRE impacts of biofuel combustion emissions.
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Figure 5: Spatial distribution of DRBf PM emitted from TSF stoveserIndiafor (a) PM with
BrC absorption(b) PM without BrC absorptionand (c) BrCabsorptiorfor 50% external mixing
scenarioSubplot d, e and f athhe same as a, b and c, respectiviely for 90% external mixing
scenario

To demonstrate the potential for large impacts on DRE of residential combBsfi@missions,
Figure 5a and5b show estimatedDRE of PM emitted from TSF stoweover Indiawith light
absorbing OC (i.e. BrC) and clear OC, respectif@yb0% external mixingFigure5c showshe

DRE of BrC absorptiorgalculatedas the differencbetween the DRE values in Figisa andsb.

In general,TSF PM exhibits stronger radiative effect (larger positive DRE values) over Northern
India comparedo Southern India mainly due tiee higher levels of residential burning emissions
The spatial variability in DRE is also partially driven @§ferences insurface albedowith the
smallest DRE being associated with regions that have smallest surface @fipde %).



Furthermore, Figuré illustrates the important effect of BrC absorption, which contributes up to
+0.3 W/nt over Northern India (Figurbc), approximately half of the overall DRE of TSF PM
(Figure 53). Figures 5df display the same as Figures-&arespectively but for 90% external
mixing scenarioThis smoldering dominated scenario has lower DRE both withvatitut the
BrC contribution(Figure 5d and 5grelative to flaming dominated scenario (Figures 5a and 5b)
but interestingly the DRE of BrC panels (&igs5c and5f), which indicate the net contribution
from BrC absorptionaresimilar. This suggests théhe influence of BrC absorption and mixing
state are to some degreedecoupled when consideritige net DRE A figuresimilar toFigure5

but using theimproved stoveslata is shown in the supplementary information (Figure $21)
indicating slightly higher BrC contribution to PM DRE from improved stove samples relative to
TSF.

4.0 Conclusion

This study presents optical properties of methaxtdacted BrCfrom firealworldo biofuel
combustion emission samples. MAf and AAE of BrC samples vaed across fourdiverse
biofuel combustionsources indicating the importance ad sourcespecific inventory of BrC
optical propertiesA moderate positive correlation between B Chuk and ECOA suggesta
link between Brdight-absorptionpropertes and combustion conditisreven in highly variable
firealworldd combustion condition Note that thigelationwas observed previously only for lab
based stove and biomass burning stufeset al. 2017, 2018; Pokhrel et al. 2016; Lu et al. 2015)
This study, like prior studieGKie et al. 2018; Pokhrel et al. 201@)sosuggests that HOA is a
better proxy otombustiorconditiors thanMCE to parameterizeptical propertiesAdditionally,
obsered associations between OC fractions and BrC light absorption properties{MABE)
suggest that less volatile BrC has Haglight absorptivity, consistent with other stud{@cClure

et al. 2020; Saleh et al. 2014, 2018)verall, our analyses indicate that BliGht-absorption
properties can be predicted basedamtors that areasily availablédrom emission measements
(e.g. combustion conditions, OC fractions in therotical OCEC measurementsRased on
BrC classificatiorviakssol w pairs(Saleh 202Q)our BrC samples fall into smoldering combustion
zone (Figure 2a), unlike lab stove samples wWeredominated by high temperature combustion
This findng indicates the importance of performingfigld stovetesting along with lab testing to
understand the BrC properties in emissions in highly variabkd-worldo conditions.

EC/OA showed positive association with BrC MAfcand negative association withe relative
contribution of BrCto aerosobhbsorptionsuggeshg thatthough theBrC becomes darkémore
light absorbing when the relative amount of BC (to OC) increasles variation is dominated by
the increase itherelativeamount of OCA lab biomass burning studi?okhrel et al. 20173lso
arrived atthe same conclusiorLack of BC-OC mixing state information can lead to some
uncertainy asdemonstratetby afactor of ~2.5 variation itmeanrelative BrC absorptioacross
mixing state assumptiori®% versus 100% external mixingjowever this factor reduces to ~1.6
when we categorizeour samples based on M@&lowing the observations dfing et al.(2018)
and used 50% and 90% external mixing as the central estifoatéaming- and smoldering
dominated combustion, respectivelNote thatprevious studiegStevens and Dastoor 2019;
Pokhrel et al. 201 #eported a factor of uf 4.3variationin BrC absorption contributioacross



methodausedto differentiate BrC from BQOur BrC samples from biofuel emissions also showed
their influencein transitioning the net radiative forciigpm coolingto warmingrelative to non
absorbiig OC. Finally, estimates ainual averag®RE calculationgver the India subcontinent
suggestthat the radiative warming contributedby BrC absorption from residential biofuel
combustioremissiongs in the same rangasthat fromthe co-emittedBC. Overall, this suggests

that BrC should be treated as a major player along with BC in understanding the direct radiative
effect of household combustion emissions.
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